A hybrid perturbed-chain SAFT density functional theory for representing fluid behavior in nanopores: Mixtures J. Chem. Phys. 139, 194705 (2013) A hybrid statistical mechanical model, which is fully consistent with the bulk perturbed-chain statistical associating fluid theory (PC-SAFT) in describing properties of fluids, was developed by coupling density functional theory with PC-SAFT for the description of the inhomogeneous behavior of real chain molecules in nanopores. In the developed model, the modified fundamental measure theory was used for the hard sphere contribution; the dispersion free energy functional was represented with weighted density approximation by averaging the density in the range of interaction, and the chain free energy functional from interfacial statistical associating fluid theory was used to account for the chain connectivity. Molecular simulation results of the density profile were compared with model prediction, and the considerable agreement reveals the reliability of the proposed model in representing the confined behaviors of chain molecules in an attractive slit. The developed model was further used to represent the adsorptions of methane and carbon dioxide on activated carbons, in which methane and carbon dioxide were modeled as chain molecules with the parameters taken from the bulk PC-SAFT, while the parameters of solid surface were obtained from the fitting of gas adsorption isotherms measured experimentally. The results show that the model can reliably reproduce the confined behaviors of physically existing substances in nanopores.
I. INTRODUCTION
Understanding of fluid behaviors in nanopores and nanochannels is of considerable importance in various industrial processes and scientific fields such as adsorption, wetting, lubrication, and tribology. 1, 2 Due to wall-molecule interactions and wall geometry the confined fluid in nanopores or nanochannels is inhomogeneous and shows quite different characteristics compared to their behavior in bulk. A number of experimental measurements, molecular simulations, and theoretical models were used to study the properties of confined fluid in nanoslit or nanotube. [3] [4] [5] [6] Among them, the classical density functional theory (DFT) is an efficient theoretical method to study the phase behavior and thermodynamic properties of inhomogeneous fluids.
In the last two decades, several DFT models have been developed to predict the properties of inhomogeneous simple atomic and complex fluids. A significant progress was the development of DFT models for representing the properties of polyatomic fluid on the basis of Wertheim's first order thermodynamic perturbation theory. [7] [8] [9] [10] [11] Compared to molecular simulation, most such DFT models accurately predict the microstructure of inhomogeneous fluid, but it is infeasible to use such models to represent properties of real substances due to the fact that most of these models were applied for model molecules with integer segment numbers. On the other hand, the bulk properties of fluids have been extensively studied in a) Electronic mail: xhlu@njut.edu.cn.
which the segment number is not an integer in most cases. Thus, it will be very desirable to develop a DFT model representing the behavior of real substances with one set of molecular parameters for both inhomogeneous and bulk cases.
A reliable and robust theory for representing the properties of bulk fluid is a prerequisite for such a DFT model development. Statistical associating fluid theory (SAFT) equation of state (EoS) is one of the most promising approaches describing phase behavior of bulk fluids. SAFT was originally developed by Chapman et al. 12 on the basis of Wertheim's first order thermodynamic perturbation theory. Several versions of SAFT have been proposed later, such as SAFT-VR, 13 soft-SAFT, 14 SAFT1, 15 SAFT2, 16, 17 and PC-SAFT, 18, 19 and widely used for systems containing non-polar, polar, ionic, and associating substances including gases, solvents, homopolymers, copolymers, and electrolytes. Details of theories and applications can be found in reviews. [20] [21] [22] Based on SAFT EoS, several groups have developed DFT models and further used them to describe the phase behaviors of mixture as well as interfacial tensions. Gloor et al. [23] [24] [25] developed a DFT model on the basis of SAFT-VR with a local density approximation, and the model accurately predicts the interfacial tension. Based on perturbed-chain polar statistical associating fluid theory (PCP-SAFT), Gross 26 proposed a DFT reproducing the surface tension of non-polar and polar substances. The free energy functional for dispersion attraction is expressed as a first order perturbation term. As the functional is not consistent with bulk PC-SAFT, a local density approximation was used to compensate the difference. In addition, both of these two DFTs were only used to represent the interfacial properties where the external field is weak. For confined fluids where the external field plays an important role, Tripathi and Chapman 9 developed an accurate DFT for the confined hard chain fluid, but the dispersive interaction was not considered in their model. Therefore, we can conclude that there is no consistent model available to represent the fluid behavior in nanopores and bulk phase simultaneously for real substances.
In this work, a hybrid PC-SAFT-DFT model, completely consistent with bulk PC-SAFT, will be developed to represent the fluid behavior in nanopores. PC-SAFT was chosen because of its well-known performance for bulk fluids. The developed model will be used to predict the density profile and the prediction will be compared with molecular simulation results for model verification. Moreover, the model will be used to represent the experimental adsorption isotherms of methane and carbon dioxide on activated carbon to illustrate the model performance for real (physically existing) substances instead of model molecules.
II. THEORY
The model developed in this work was based on PC-SAFT in which the hard-chain, dispersive, and associative interactions were considered. There are two versions of PC-SAFT, one is for square-well (SW) chain molecule (first version) 18 and the other is for modified square-well chain molecule (second version). 19 The only difference of these two models is on the universal constants in dispersion term and the hard sphere diameter, i.e., the temperature-dependent segment diameter was used in the second version of the PC-SAFT model, while in the first version of PC-SAFT, and the segment diameter was a constant. The details of PC-SAFT can be found in the work by Gross and Sadowski. 18, 19 In this work, the DFT model development was based on PC-SAFT (second version), 19 while the developed model can be easily extended to the first version of PC-SAFT.
In DFT, for an open system, the grand potential at fixed μ, V, and T is given by the equation,
where A is the Helmholtz free energy, ρ(r) is the molecular density of fluid, μ is the chemical potential, m is the number of segments in a chain, and V ext (r) is the external field acting on the segment.
Following PC-SAFT EoS, the Helmholtz free energy A can be expressed as
where A id is the ideal free energy, A hs , A chain , A disp , and A assoc are the excess free energies due to hard sphere, chain, dispersive, and associative interactions, respectively. The extension of PC-SAFT to inhomogeneous fluid is described in the following part.
A. Ideal and hard chain terms
Based on Wertheim's thermodynamics perturbation theory, Tripathi and Chapman 9, 27 derived the free energy functional by considering the chain molecule as a mixture of associating monomers, and the chain was formed in the limit of complete association. The developed model is consistent with the bulk SAFT model. In this work, the model developed by Tripathi and Chapman 9, 27 was used to represent the ideal and chain terms. Following this approach, the reference ideal free energy is written as the free energy of the ideal atomic gas mixture,
where β = 1/kT and k is the Boltzmann constant. The de Broglie wavelength was ignored in Eq. (3). The hard sphere free energy can be calculated using the modified fundamental measure theory, 28 which is based on the equation for the hard sphere developed by Boublik 29 and Mansoori et al. 30 and is compatible with PC-SAFT. The hard sphere free energy is given by
with
In Eqs. (4) and (5), n α (r) are weighted densities of Rosenfeld,
where w α represents weight functions, i.e., four scalar and two vector functions,
In Eq. (7), δ(r) and θ (r) are the Dirac delta and Heaviside step functions, respectively, and d is the hard sphere diameter. In PC-SAFT, Barker and Henderson's perturbation theory was used, i.e., the temperature-dependent segment diameter was calculated with d(T) = σ [1 − 0.12 exp (−3ε f /kT)], where ε f is the energy parameter of fluid-fluid interaction and σ is the segment diameter.
Following the approach by Tripathi and Chapman, 9, 27 the chain free energy functional is given by
where
] is the value of cavity correlation function at contact and it is given by
md iρ (r), which is evaluated at the "coarse-grained density," i.e.,ρ
B. Dispersion term
A weighted density approximation can be used to construct the dispersion free energy functional. [32] [33] [34] [35] Following this approximation the dispersion free energy functional is given by
In Eqs. (11) and (12a),η disp (r) is the average packing fraction (= π 6 md 3ρ disp (r)) in which the weighted density is given byρ
where w disp (r) is the weighting function.
As the model developed in this work is based on PC-SAFT, and the square-well potential was used in PC-SAFT version 1 and the modified square-well potential was used in PC-SAFT version 2, we assumed that the potential of PC-SAFT in both versions to be square-well in the DFT model development.
The weighting functions have been studied extensively, [32] [33] [34] [35] and a comprehensive introduction of the weighted density approximation can be found in the review of Zhou. 36 A common normalized mean field weighting function is defined as w disp (r) = u attr (r)/ d ru attr (r), where u attr (r) is the attractive potential. This method has been used to obtain the weighted density for Lennard-Jones (LJ) fluids. 32, 33 Following the definition, the weighted density for square-well fluid can also be obtained by integrating the density in the range of attraction. Meanwhile, Ye et al. 10 proposed another approximate method, and the weighted density was calculated by integrating the density in the range of interaction, i.e., w disp (r) = 3θ(λσ −r) 4π(λσ ) 3 . It has been systematically proved that this approximate method could provide satisfactory density profiles of square-well chain confined in a slit. 10 Therefore, in this work, the method proposed by Ye et al. 10 was used for the DFT model based on PC-SAFT, i.e., the weighted density is calculated bȳ
where λσ represents the weighting distance.
C. Association term
For association term, Yu and Wu 7 proposed an approach for a mixture of associating hard spheres. We used the same approach in this work. The free energy functional due to association is given by
In Eq. (15), s is the number of types of association sites, S j is the number of association sites of type j, n α (r) are the weighted densities calculated with Eq. (7), and X j is the fraction of molecules not bonded at site j and calculated using the mass action equation,
D. Numerical procedure
Minimization of the grand potential with respect to the density profile yields the following Euler-Lagrange:
At equilibrium, μ is equal to the bulk chemical potential μ b that is calculated from the temperature and pressure for pure components. The equilibrium density profile can be solved using simple Picard iteration.
In planar geometry, the three-dimensional integral can be reduced to a one-dimensional integral. In planar geometry, the detailed expressions of functional derivative integrals of hard sphere and chain terms can be referred to Gross's work. 26 The derivatives of X j with respect to density were calculated using the generalized procedure proposed by Tan et al. 37 Derivatives were formulated as linear simultaneous equations and then written in a matrix form. The method solving the linear equations and the corresponding code were given in the literature of Tan et al.
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III. RESULTS AND DISCUSSION
To verify the model, the developed model was used to predict the density profile in different cases, and the model prediction results were compared with molecular simulation results. To illustrate the model performance for real (physically existing) substances besides "model molecules," furthermore, the model was used to represent the adsorption isotherms of methane and carbon dioxide on activated carbons, in which the parameters describing the external force were obtained from the fitting of the experimental adsorption data.
As mentioned in the foregoing text, there are two versions of PC-SAFT, and the DFT model developed in this work is based on the second version of PC-SAFT. However, most of the results obtained in the molecular simulation were obtained with the assumption of square-well fluids with λ = 1.5, which is the case of the first version of PC-SAFT. Therefore, in the part of model verification, in order to compare the DFT model predictions with molecular simulation results, the DFT model developed in this work was extended to the first version of PC-SAFT by replacing the temperature-dependent segment diameter with a fixed segment diameter. In addition, in the second version of PC-SAFT, the potential of fluid is a modified square-well potential, which approaches to the LennardJones attraction, and subsequently, the DFT model prediction in this work was also compared with LJ fluid.
To calculate the weighted density using Eq. (13b), the square-well length λ for fluids needs to be determined. In the comparison with molecule simulation (Secs. III A and III B), the value of λ was taken from the literature for square-well fluids and equals to 1.5. However, λ was set to be 1.5 in Eq. (13b) in order to investigate the compatibility of the developed PC-SAFT-DFT with LJ fluids (Sec. III C). In the part of the model representation of gas adsorption isotherm for real substances (Sec. III D), λ was also set to be 1.5. In the DFT model developed in this work, the interaction between surface and fluid molecules was represented with external forces, and it can be square-well, LJ or even more complicated interactions. In the comparison with molecule simulation, the interaction between surface and fluid was taken from the literature.
In the part of the model representation of gas adsorption isotherm for real substances, the developed model on the basis of the second version of PC-SAFT was used, and LJ potential was used to describe the interaction between surface and fluid.
A. Density profiles of square well fluids in square-well slit pores
The density profile of square well fluid (m = 1) in slit pores with square well potential has been simulated by others at different temperatures and densities, which is summarized in Table I . In Table I , ρ av is the average density in the pore (= 
where z is the perpendicular distance between fluid and surface.
In modeling, the fluid-surface, fluid-fluid interaction parameters were taken from literatures directly as listed. In all cases, m = 1, H = 9σ , ε w /kT = 1.5, λ = 1.5, and λ w = 0.5. The density profile of fluids under all conditions listed in Table I was predicted and compared with Monte Carlo (MC) simulation results. 38 The comparison shows that the model prediction agrees extremely well with the MC simulation results. Figure 1 illustrates the comparison results of cases 3 and 6 in Table I in order to show the good agreements, and the density profile of case 6 was shifted upward for clarity.
B. Density profiles of square-well chain fluids in square-well slit pores
The developed model was used to predict the density profile of square-well chain fluids (m > 1) in a slit pore with a square-well interaction between surface and fluid represented as external force as shown in Eq. (18) . In modeling, the average packing fraction was defined by η = Table I . The density profile of case 6 was shifted upward by 2.0.
ρ av is the average density in the pore (
The effects of fluid segment number (chain length), fluid packing fraction, temperature, as well as the properties of solid surface (interaction between surface and fluid) on density profile were studied. The cases studied in this work are summarized in Table II , and Figures 2 and 3 illustrate the results for some cases. In all cases, H = 10σ , λ = 1.5, and λ w = 1.0.
From the model prediction and results shown in Figures 2 and 3 , we can see that at low temperature and weak wall-segment attraction, the model captures the transition from depletion to adsorption as η increases for short chain molecules, but for long chain molecules, the densities near the wall are low even at high η. At low temperature, the densities for short chain molecules near the wall increase significantly as the wall-segment attraction increases, and the densities for long chain molecules at high temperatures show the same (similar) results. The densities near the wall for long Table II. chain molecules at high η are more sensitive to temperature than those at low η. The model prediction was compared with the molecular simulation results. 39 The comparison shows that the model prediction can capture the effects of packing fraction η, temperature T, chain-length, as well as the properties of surfaces on the density profile of confined fluids in slit pores. For longer chains at low temperature, the model prediction is not as good as those under other conditions, and other DFT models also show some discrepancies.
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C. Density profiles of LJ fluids in LJ slit pores
In the second version of PC-SAFT, the segments interact with a modified square-well potential. The efficient hard sphere diameter was calculated by Barker and Henderson's perturbation theory. The parameters of pure n-alkanes were determined by using Lennard-Jones attractive potential in the expression of the dispersion term; subsequently, the universal model constants in the dispersion term were regressed using the pure parameters of n-alkanes. Therefore, PC-SAFT is compatible with Lennard-Jones chain theory.
The DFT model in this work is based on the second version of PC-SAFT while the weighted density was calculated based on square-well fluid, and thus the developed model is not a theory for LJ chain. To further investigate the compatibility of the developed DFT model in this work with LJ fluids, we compared the density distribution predicted from the DFT model with the simulation results of LJ monomers and LJ chains confined in a slit. As mentioned in the forgoing text, the value of λ was set to be 1.5 in the developed model in this section.
The density profiles of LJ monomers confined in a slit pore with width H of 2σ , 3σ , and 7.5σ , respectively, were studied using the developed DFT model. The interaction between the surface of the slit and LJ fluid was given by 40 V ext (z) = ε w 2 5
where was set to be σ/ √ 2, σ w was set to be σ , and ε w was set to be 2πε f . 40 This potential was widely used for modeling of interaction between fluid molecule and planar surface. σ w and ε w are the energy and diameter parameter for solid-fluid interaction, and is the interlayer distance.
The bulk density (ρ b σ 3 ) was set to be 0.5952, and kT/ε f was set to be 1.2. The model prediction is illustrated in Figures 4 and 5 where the molecule simulation results 40 are depicted as symbols for comparison. For all the cases studied in this section, the model prediction shows excellent agreement with simulation results.
We further considered four LJ chains (monomer, 4-mer, 8-mer, 16-mer) confined in an attractive slit, and the external field was described by Eq. (19) with = 0.7071σ , σ w = σ , ε w = 6.283ε f . 40 The average packing fraction of chains inside the slit was fixed at η av = 0.1. Figure 6 displays the segment density profiles (ρ seg (r) = mρ(r)) of LJ chains near a surface of the slit. Results of monomer and long chains predicted by the theory are in good agreement with simulation data. 41 At this temperature, the density at the first peak increases with increasing chain length, and the density is nearly zero away from the surface.
The agreement of the model prediction with the molecule simulation results for LJ fluids reveals that the PC-SAFT-DFT is compatible with LJ-based theory although the PC-SAFT model is based on modified square-well fluids and the developed DFT model is not a theory for LJ fluids.
D. Adsorption isotherm representation
In Secs. III A-III C, the prediction of the developed model was verified by comparing with the molecular simulation results, and the agreement indicates the model's reliability. As shown in Secs. III A-III C, the substance studied is "model molecule," and the segment number for the chain molecule is always an integer. However, for a physically existing substance, it can be modeled as a chain molecule in PC-SAFT, and the segment number is not necessarily an integer. For a long chain molecule, neglecting the decimal part may not affect the model results so much, for example, when the segment number is more than 100, and it is reasonable to set the segment number as an integer. However, for a smaller chain molecule, the segment number of PC-SAFT obtained from fluid bulk properties is a non-integer for most real substances, and neglecting the decimal part will affect the model results significantly. Therefore, it is important to investigate the model performance for a real substance, especially for the small molecules.
The gas adsorption of small molecules such as methane (CH 4 ) and carbon dioxide (CO 2 ) on nanoporous materials has been widely studied experimentally, and the adsorption isotherm has been measured extensively for the purpose of separating CO 2 from gas mixture or selective exchange adsorption of CO 2 from CH 4 for enhanced coal-bed methane. To illustrate the developed DFT model performance, the adsorption of methane and carbon dioxide on Calgon F400 activated carbon was studied as an example in this work.
In general, the material has a wide range of pore size distribution and shape. In order to reduce the computation complexity, in modeling, we assumed that the gas molecule was adsorbed in a single slit-like pore with an average width. The solid-fluid interaction V ext (z) was represented by Lee's 10-4 Lennard-Jones potential, 42 which is given by
where ρ atom is the solid atom density, σ sf is the solid-fluid diameter, σ s is the carbon interplanar distance, and ε sf is the potential representing the interaction between surface and fluid segment. The excess adsorption ( ) of gas is calculated by
where A* is the surface area of the adsorbent, and H is the width of the slit. To represent gas adsorption, the properties of fluid and solid surface need to be provided. In this work, the parameters of fluids were taken from Ref. 19 , which were obtained from the fitting of the experimental data in bulk phase. The parameters for CH 4 and CO 2 used in this work are listed in Table III . The parameters of solid (the wall) can be adjustable or estimated. In order to decrease the number of adjustable parameters, in this work, some parameters of solid were taken from Ref. 42 , i.e., for Calgon F400 activated carbon, the solid atom density ρ atom was set to be 0.382 atoms/Å 2 , and σ s was set to be 3.35 Å. In addition, the following mixing rule was used to obtain σ sf ,
The surface area of the adsorbent was taken from the experimental BET (Brunauer-Emmett-Teller) surface area in this work. For Calgon F400 activated carbon, A* is 850 m 2 /g. 43 The adsorption quantity calculated by the model is sensitive to the value of slit width H. As H was assumed to be the average pore width, in this work H was considered an adjustable parameter but set to be a fixed value for the same porous materials, and then it is independent of the adsorbed gas. ε sf was set as one more adjustable parameter for one system. Therefore, in this work, there are three adjustable parameters in total in order to represent the adsorption of methane and carbon dioxide on Calgon F400 activated carbon, i.e., the size of pore H, and two LJ interaction parameters ε sf for two systems . These three adjustable parameters were obtained from the fitting of experimental data of gas adsorption isotherms for both CH 4 and CO 2 on Calgon F400 activated carbon with the following objective function,
where N exp is the number of experimental data points, Using the experimental data measured by Sudibandriyo and co-workers at 318.2 K, 43 the DFT model parameters were obtained and listed in Table IV with the average relative deviation 6.17%. Both the model results and experimental data are shown in Figures 7 and 8 with reasonable agreements, which implies that it is feasible to represent the adsorption of real substances with integer or non-integer segment numbers.
As the total adsorption was reported and studied in other works, using the model parameters, the total adsorption for these two substances on Calgon F400 activated carbon was calculated and compared with the experimental data too. The model performances on excess adsorption and total adsorption are similar, which implies that it is reasonable to obtain the model parameters from the experimental data of excess adsorption.
The main focus of this section is to illustrate the model feasibility for representing the confined behaviors of real small substances with non-integer segment numbers, and the results reveal the model's feasibility as well as reasonable performance. To improve the model performance, more adjustable parameters can be set, which has been widely used in other models. However, this is not the focus of this work, and thus no more work was done here.
It should be noted that the DFT models developed by Yu and Wu 8 and by Ye et al. 10 can provide accurate descriptions of long chain polymers compared with simulation. However, in all these developed models, the segment number of the molecule can only be an integer, which limits their application to real substances. The other developed DFT model has been used to describe the interfacial tension, but their application to confined fluids has not been available. The developed model in this work is completely consistent with bulk PC-SAFT, and   FIG. 8 . Carbon dioxide adsorption on Calgon F400 activated carbon. Symbols are experimental data; curves represent the results of the model. its successful application in real substances shows the feasibility to represent the properties of fluids from homogeneous and inhomogeneous fields with the same set of parameters.
IV. CONCLUSIONS
In this work, we developed a density functional theory that is consistent with the bulk PC-SAFT model. We predicted the density distributions of square-well chains confined in attractive slit and compared them with simulation results. The comparison shows that the DFT model provides sufficient accurate density distribution predictions. As PC-SAFT is compatible with Lennard-Jones molecules in bulk, we also compared the density profiles predicted from the DFT model with the simulation results for Lennard-Jones chains confined in an attractive slit, and again the DFT model prediction is in good agreement with simulation results. Furthermore, the DFT model developed in this work was used to represent the isotherm adsorption of methane and carbon dioxide on activated carbons. The pore of the activated carbon was modeled as a slit with a Lennard-Jones potential interacting between slit surface and fluid. The parameters of methane and carbon dioxide were the same as those in the bulk PC-SAFT. The study illustrates the model's feasibility for representing the confined behaviors of physically existing small substances with non-integer segment numbers.
